The optimal timing for listing of cystic fibrosis patients for lung transplantation is controversial. Objectives: We conducted a retrospective cohort study of 343 patients listed for lung transplantation at four academic medical centers to identify risk factors for death while awaiting transplantation. Methods: Data on possible risk factors were abstracted from medical records. Measurements: Time to death, patient demographic characteristics, and risk factors for death while awaiting transplantation were assessed. Univariate and multivariate survival analyses were performed using Cox regression. Results: By univariate analyses, FEV 1 р 30% predicted (HR, 3.8; 95% CI, 2.0-7.5), Pa CO 2 у 50 mm Hg (HR, 1.85; 95% CI, 1.1-3.0), and shorter height (HR, 1.8; 95% CI, 1.1-3.0) were associated with a higher risk of death. Referral from an accredited cystic fibrosis center was associated with a lower risk (HR, 0.53; 95% CI, 0.30-0.92) . The final multivariate model included referral from an accredited cystic fibrosis center (HR, 0.5; 95% CI, 0.3-1.0) and listing year after  1996 (HR, 0.4; 95% CI, 0.2-0.7) ; both were associated with a lower risk of death. FEV 1 р 30% predicted (HR, 6.8; 95% CI, 2.4-19.3) , Pa CO 2 у 50 mm Hg (HR, 6.9; 95% CI, 1.5-32.1), and use of a nutritional intervention (HR, 2.3; 95% CI, 1.3-4.1) were associated with increased risk. Patients with FEV 1 Ͼ 30% predicted had a higher risk of death only when their Pa CO 2 was у 50 mm Hg (HR, 7.0; 95% CI, 1.5-32), while the increased risk of death with FEV 1 р 30% was not further influenced by the presence of hypercapnia. Conclusions: We identified risk factors for waiting list mortality that could impact on transplant listing and allocation guidelines.
patient is too ill, or too high an operative risk, to be an acceptable candidate for transplant. In general, patients must be sufficiently ill to require transplantation, but not so sick that they cannot tolerate the procedure. Commonly used guidelines for referring a patient for lung transplant include (1 ) FEV 1 less than 30% predicted or rapidly progressive respiratory deterioration with an FEV 1 greater than 30% predicted, (2 ) Pa CO 2 greater than 50 mm Hg, (3 ) Pa O 2 less than 55 mm Hg on room air, and/or (4 ) female sex and age less than 18 yr with FEV 1 greater than 30% predicted, and deteriorating rapidly. These guidelines are largely based on data published in 1992 from the University of Toronto (Toronto, ON, Canada) (3) (4) (5) . However, by using these criteria up to 30% of listed patients with CF die before transplantation (6) . These high waiting list mortality data may reflect the inaccuracy of identifying the transplant window, or may highlight the limitations of waiting time-based donor allocation. We therefore conducted a 10-yr retrospective multicenter study to better identify predictors in a population "selected" by their physicians for lung transplantation, with the aim of obtaining a better understanding of the factors related to mortality while awaiting transplant. Recognition of these factors may lead to better lung allocation algorithms that maximize the survival benefit of transplantation.
Two groups have published models of predicted mortality based on retrospective analysis of the Cystic Fibrosis Foundation (Bethesda, MD) Patient Registry. The model of Liou and coworkers (7) predicts 5-yr survival on the basis of 10 characteristics. In a study employing this model, Liou and coworkers (8) demonstrated that only those adult patients with CF with a predicted 5-yr survival of less than 50% and who do not have Burkholderia cepacia colonization or CF-related arthropathy at the time of transplant derive a survival advantage from transplantation.
Mayer-Hamblett and coworkers (9) developed a multiple logistic regression model for predicting 2-yr mortality in patients 6 yr of age or more, based on 1996 U.S. Cystic Fibrosis Foundation Patient Registry data. This model included five variables in addition to mean FEV 1 . Unfortunately, this model had no better predictive accuracy for 2-yr mortality than FEV 1 of less than 30% predicted alone. Both percent predicted FEV 1 and the model presented had low positive predictive values. This study reaffirms the need to identify better predictors of short-term outcome in an attempt to improve mortality on the waiting list.
These data suggest that criteria by which to best identify patients with CF appropriate for lung transplant can still be improved. Because Liou and coworkers (8) and Mayer-Hamblett and coworkers (9) used Cystic Fibrosis Foundation Patient Registry data, there may be misclassification bias present (e.g., lack of validated diagnostic criteria for risk factors such as CF-related diabetes mellitus). Our study used careful review of charts from each center and standardization of criteria for categorization of risk factors. Clinical risk factors potentially associated with higher risk of death in patients with CF in previous studies are listed in Table 1 . The purpose of this study was to identify other important risk factors for death specifically in patients with CF awaiting lung transplantation. Our current criteria for listing are quite poor at predicting who will survive to transplantation and who will die. Thus, a 10-yr retrospective, multicenter study was done to identify predictors in a population "selected" by their physicians. This may allow modification of who is listed as well as timing of listing to attempt to improve survival on the waiting list.
Some of the results of our study have been previously reported in the form of abstracts (10, 11) .
METHODS

Study Population
The study population consisted of 343 adult and pediatric patients with CF listed for lung, heart-lung, or heart-lung-liver transplantation at the University of Pennsylvania Medical Center (Philadelphia, PA), Stanford University Medical Center (Stanford, CA), Children's Hospital of Philadelphia (Philadelphia, PA), Toronto General Hospital (Toronto, ON, Canada) and the Hospital for Sick Children in Toronto (Toronto, ON, Canada) from January 1990 to December 2002. Heartlung transplant candidates were included in this study because this procedure was routinely performed at Stanford University Medical Center in the early 1990s. Institutional review board approval was obtained at each institution. Data were collected by chart review, using standardized procedures (see the online supplement for the detailed manual). A 10% sample of charts was reabstracted. Three patients were excluded because either the listing date or removal date was unknown.
Definition of Risk Factors
We collected demographic, body measurement, pulmonary function, and hemodynamic data at the time of listing and data on microbiology, nutritional status, CF-related diabetes mellitus, osteoporosis, and use of preventive therapies before or at the time of listing. See Table E3 of the online supplement for a complete list of data items collected. A description of reference equations for percent predicted FEV 1 is also presented in the online supplement.
Death while listed for transplant was the primary endpoint for all analyses. Patients who underwent lung transplantation were censored on the date of their operation, and those alive and waiting for transplantation were censored at the end of the study on December 31, 2002 . Patients removed from the transplant waiting list for other reasons (voluntary removal, transfer to another center, "too well," or "too sick") were censored at the time of removal.
Statistical Analysis
Statistical analysis was performed with Stata 7.0 (StataCorp, College Station, TX). All statistical tests were two-sided.
Comparisons of categoric variables between survivors and nonsurvivors were performed by 2 or Fisher's exact test. Continuous variables were summarized as mean Ϯ SD and 95% confidence interval (95% CI), or as median, range, and interquartile range (25-75%) . Comparisons between survivors and nonsurvivors were performed by t test for normally distributed variables and by Wilcoxon rank-sum test for other variables.
Each potential risk factor was first analyzed separately by the Kaplan-Meier method to estimate survival, by univariate Cox regression to estimate the hazard ratios, and by log rank test to test survival differences between groups. Hazard ratios are presented for a 10% decrease in percent predicted FEV 1 and FVC and for a 10-mm Hg increase in Pa O 2 and Pa CO 2 .
We used Cox regression for multivariate analyses to determine hazard ratios, and the Wald 2 test to calculate p values. The final model was generated by a backward model selection procedure from variables with p Ͻ 0.20 from the univariate Cox regression analyses, significant confounders, and biologically plausible effect modifiers. Variables were eliminated from highest to lowest p value, but remained in the model if the p value was less than 0.05. Variables believed to be highly clinically significant or found to be independent predictors of death in prior studies were included in these analyses irrespective of their p value. Minus log-minus log plots were used to confirm that the proportional hazards assumption was met.
To assess the impact of potential informative censoring, a sensitivity analysis was performed to determine the effect of two extreme cases (12) . The impact of missing data was also assessed by comparing characteristics of patients included in the final multivariate model with those removed because of missing data. Analyses were also performed for each center separately to assess intercenter variability.
RESULTS
A total of 346 patients were identified; three patients were excluded because either their listing date or removal date was unknown. A total of 343 patients were analyzed (University of Pennsylvania Medical Center, n ϭ 85; Stanford University Medical Center, n ϭ 94; Children's Hospital of Philadelphia, n ϭ 26; and Toronto General Hospital and the Hospital for Sick Children in Toronto, n ϭ 138). Seventy-eight patients died (nonsurvivors group; n ϭ 78). Two hundred and fifteen patients received a transplant, with patients receiving a bilateral lung transplant (n ϭ 205), heart-lung transplant (n ϭ 7), lung-liver transplant (n ϭ 2), or heart-lung-liver transplant (n ϭ 1). Thirtyfour were still waiting at the end of the study and 16 were removed for other reasons (survivors group; n ϭ 265).
Demographic and clinical profiles of the survivors and nonsurvivors are shown in Table 2 . One notable difference between the groups was percent-predicted FEV 1 . There was a significant difference in the mean percent-predicted FEV 1 and proportion of patients with an FEV 1 of less than 30% predicted between survivors and nonsurvivors (p Ͻ 0.01; Table 2 ). Nonsurvivors had a greater 6-min walk distance, were more likely to have multidrug-resistant Pseudomonas (defined as resistant to three or more different antibiotics), and were more likely to use inhaled recombinant human DNase. Height was similar between the groups (p ϭ 0.3). Survival rates for the entire cohort were 80% at 1 yr, 64% at 2 yr, and 50% at 3 yr. Mean time to death Shown are profiles of patients at the time of listing for transplantation. Six-minute walk is defined as the distance walked (in feet) as performed at the respective transplant centers. Categoric variables were summarized as frequencies, and comparisons were performed by 2 or Fisher's exact test. Continuous variables were summarized as mean Ϯ SD and 95% confidence interval, or as median, range, and 95% confidence interval. Comparisons were performed by two-tailed t test if the data were normally distributed or by Wilcoxon rank-sum test if the data were not normally distributed.
* Median values with interquartile ranges.
among the nonsurvivors was 347 Ϯ 314 d, which was similar to the average time to transplantation among the survivors (368 Ϯ 351 d). Median time to death in the nonsurvivors group was 267 d (interquartile range, 92-489 d), whereas the median time to transplant in the survivors group was 251 d (interquartile range, 100-510 d). These results are further detailed in Table 2 . The mean waiting time for those still waiting at the end of the study was 551 Ϯ 483 d. Table 3 depicts the results of the univariate analyses. An FEV 1 of less than 30% predicted was associated with a higher risk of death (see also Figure 1 ), as was a 10% decrease in FEV 1 and FVC. Hypercapnia was also associated with a higher risk of death; a 10-mm Hg rise in Pa CO 2 was associated with a hazard ratio (HR) of 1.3 and a 95% CI of 1.1 to 1.7, whereas Pa CO 2 of 50 mm Hg or greater (compared with Pa CO 2 Ͻ 50 mm Hg) had an HR of 1.8 and a 95% CI of 1.1 to 3.0. Referral from an accredited CF center was associated with a lower risk of death Tables E2 and E3 ).
Univariate Analysis
Multivariate Analysis
The results of the multivariate analysis are shown in Table 4 .
Of the original cohort of 343 patients, 230 had complete data for all variables and were included in the final model. An FEV 1 of less than 30% predicted is an independent predictor of death (HR, 6.8; 95% CI, 2.4-19.3). However, there was a significant interaction between Pa CO 2 and FEV 1 . Patients with FEV 1 Ͼ 30% predicted had a significantly higher risk of death when their Pa CO 2 was 50 mm Hg or greater versus those patients with Pa CO 2 of less than 50 mm Hg (HR, 7.0; 95% CI, 1.5-32.0). Conversely, there was no significant difference in the risk of death between those patients with Pa CO 2 of 50 mm Hg or greater and those with Pa CO 2 of less than 50 mm Hg when their percent predicted FEV 1 was less than 30 (HR, 1.4; 95% CI, 0.4-5.0). The presence of S. maltophilia colonization in the respiratory tract, shorter 6-min walk distance, and the presence of hypoxemia were all removed from the multivariate model as their p value increased to more than 0.05 during the backward selection procedure. Because B. cepacia has been associated with a higher risk of death in prior studies (9, 13) , the presence of B. cepacia was forced into the multivariate model. CF-related diabetes mellitus was a significant risk factor for death in the one study (14) and thus was also forced into the model. Although the presence of pulmonary hypertension was found to be an independent predictor in the same study, we had too many missing data to include it in our final model. The presence of either B. cepacia and/or CF-related diabetes mellitus still did not significantly alter the other covariates when forced into the final multivariate model, and therefore these parameters were ultimately excluded from the model. Also, age, both as a continuous variable and as a dichotomous variable (using 18 yr as the cutoff) was forced into the model (age Ͻ 18 yr: HR, 1.8; 95% CI, 0.8-3.9; p ϭ 0.13). Although there was a trend toward a higher risk of death for patients whose age was less than 18 yr, when removed from the model the hazard ratios of the other variables did not appreciably change and thus it was excluded from the model. In the final model, year of listing (1996 and beyond compared with before 1996) was associated with a lower risk of death on the transplant waiting list (HR, 0.4; 95% CI, 0.2-0.7). Also, the use of a nutritional intervention was associated with a higher risk of death (HR, 2.3; 95% CI, 1.3-4.1). The final model is shown in Table 4 .
We assessed whether transplant candidates from accredited CF centers differ from candidates not from accredited CF centers in markers of more severe disease ( Table 5 ). Patients referred from an accredited CF center had a higher percent-predicted FEV 1 (27 Ϯ 8) than did those that were not referred from an accredited CF center (25 Ϯ 8) .
The sensitivity analysis tested the effect on the hazard ratios of two extreme situations concerning the patients removed from the transplant list for reasons other than death or transplant, such as transfer to another center and voluntary removal. In one case we assumed all patients in the "other" category experienced the event (death) after the longest survival time of any individual in the data set, that is, the censoring time is replaced by the longest survival time (1,783 d). In the second case, we assumed the "other" patients died on the day of censoring. In both situations, the hazard ratios for patients with FEV 1 of less than 30% predicted with Pa CO 2 of more than 50 mm Hg decreased compared with the original analysis but were still significantly greater than 1.0. For the other variables, there was no substantial change in the hazard ratios. These data suggest that informative censoring did not influence our model (results shown in Tables  E2A and E2B ).
Because of the possibility of confounding by center, we performed the univariate analyses on the data from each center with sufficient numbers of patients (all centers other than Children's Hospital of Philadelphia). There were no substantial differences between centers in the HR for death using FEV 1 of 30% predicted or less and Pa CO 2 of 50 mm Hg or greater. At one site (Stanford), referral from an accredited CF center showed a trend toward an increased risk of death (HR, 1.4; 95% CI, 0.2-11). However, only eight patients were not referred from a CF center, so the estimate is imprecise (see Table E4 ).
Also, the effect of missing data was assessed. The main difference between those patients excluded from the final model because of missing data and those included with complete data was a shorter waiting time (see Table E5 ).
DISCUSSION
Accurate prediction of the appropriate time for listing a patient with CF with end-stage lung disease is of paramount importance to minimize mortality on the transplant waiting list and to maximize the survival benefit after transplantation. An FEV 1 of less than 30% predicted has been the guidepost for referral for lung transplantation, based on the landmark study published by Kerem and coworkers (3) . Despite this practice, mortality while on the waiting list remains high. Subsequent studies by Liou and coworkers (7) and Mayer-Hamblett and coworkers (9) may allow better prediction of mortality among patients with CF, using multiple variables. Although the model by Liou and coworkers seems useful it deals with transplantation as an on-demand treatment, and does not consider the issues of a waiting list. The model developed by Mayer-Hamblett and coworkers (9) is more targeted at the usual time of waiting for transplantation once listed, but unfortunately is no better at predicting 2-yr mortality compared with FEV 1 of less than 30% predicted alone. The goal of this study was to further identify who on the waiting list should be prioritized for transplantation.
By inclusion of data not collected by the Cystic Fibrosis Foundation Patient Registry, this multicenter study identifies some new clinical risk factors while confirming other clinical risk factors for waiting list mortality. Consistent with the findings of Kerem and coworkers (3), we observed that FEV 1 of less than 30% predicted was a highly significant risk factor for death among patients with CF awaiting lung transplantation, even though the multivariate results for FEV 1 of less than 30% predicted are misleading without the interaction terms. Also, to our knowledge prior studies such as that of Kerem and coworkers did not look extensively for interactions (the only potential interactions tested were between sex and percent predicted FEV 1 and between sex and age), so it is not known whether additional interactions were present. We observed that hypercapnia may be an independent risk factor for death among patients with CF with better lung function. Hypercapnia was one of the main factors identified by Kerem and coworkers and that criterion was included in the International Society for Heart and Lung Transplantation guidelines (15, 16) . In patients with severely impaired lung function as indicated by an FEV 1 of less than 30% predicted, and thus advanced obstructive lung disease, hypercapnia seems not as important a marker for higher risk of death, and may be in fact caused by poor airflow obstruction. These data suggest a hypothesis that hypercapnia in the face of better airflow may have a fundamentally different physiologic basis.
Referral from an accredited CF center to one of the transplant centers included in this study was associated with a lower risk of death in both the univariate and multivariate analyses (although not strictly significant in the latter). These observations may reflect earlier recognition or aggressive management of advanced disease in patients referred from accredited CF centers. There are 117 accredited specialized CF care centers in the United States and 38 in Canada that offer comprehensive care to patients with CF and their families. To our knowledge, no studies have shown that outcomes of patients cared for at these centers are better than those of patients cared for by physicians without specialized training in the care of patients with CF and without access to the team approach offered at the accredited CF centers. The previous models for predicting survival also may have excluded subjects who were not cared for in CF care centers, as data from these patients may not have been included in the U.S. Cystic Fibrosis Foundation Registry that served as the source data for these models (9, 13) . We also assessed whether patients not referred from CF centers may have markers of more severe disease ( Table 5 ). Patients who are referred from nonaccredited CF centers do have lower percent predicted FEV 1 values. This may reflect later recognition of more severe disease by physicians not as familiar with CF.
Our observation that nutritional intervention, defined as use of an appetite stimulant (i.e., megestrol acetate [Megace]), placement of a gastrojejunostomy tube, or use of parenteral nutrition, is associated with a higher risk of death while awaiting lung transplantation is, at first glance, somewhat surprising. Interestingly, use of these interventions does not correlate with body mass index (which was not found to be associated with a higher risk of death) in this study as well as in another (9) . One hypothetical explanation of these data is that requirement for additional nutritional support is a marker of a more ill patient. Such a situation may occur if a patient has increased nutritional demand due to, for example, a higher level of ongoing inflammation from lung disease. However, we observed no differences in markers of more severe disease in patients who received a nutritional intervention and those who did not with respect to markers of more severe disease (see Table E6 ).
Year of listing was also an important factor for survival on the waiting list, with listing during or after 1996 reducing the risk of death. There are a number of potential explanations for this observation. It may be a function of improved survival over the last 10 yr in general for patients with CF. Alternatively, it may merely reflect physician practice to list patients for transplant earlier (when they are presumably less ill) with recognition of increased waiting time for suitable donor organs. The study by Liou and coworkers (8) showed improved posttransplant survival in more recent years as well.
It was surprising that none of the microbiological data were predictive of survival (i.e., presence of B. cepacia or methicillinresistant Staphylococcus aureus). This may have to do with listing practices at the U.S. centers (in more recent years no one with B. cepacia on sputum culture is listed for transplant) whereas in Toronto, where B. cepacia patients are eligible for transplant listing, the overall waiting list mortality is low (15%).
In the newly implemented United Network for Organ Sharing (UNOS; Richmond, VA) allocation model (http://www.unos.org/ SharedContentDocuments/Calculation_Guide.pdf), candidates for lung transplantation are assigned priority for transplant based on a lung allocation score (17) . The factors used to predict the risk of death on the lung transplant waiting list included FVC, pulmonary artery systolic pressure, O 2 required at rest, age, body mass index, insulin-dependent diabetes, functional status (New York Heart Association class), 6-min walk distance, and ventilator use. The actual Cox proportional hazard model used to determine these risk factors has not been published. The risk factors used in their model are not specific to CF but are used more broadly for all disease populations. Also, the UNOS allocation model is based on a retrospective evaluation of variables collected by UNOS for the purpose of listing patients and has not been prospectively validated. Surprisingly, FEV 1 , traditionally the benchmark for prediction of death among patients with CF being considered for transplant, is not included in this allocation model. Hypoxemia, body mass index, presence of CF-related diabetes mellitus, and 6-min walk distance were all evaluated in this study and not found to be predictors of increased risk of death. Pulmonary artery systolic pressure in our study had too many missing values to lead to a meaningful conclusion, while functional status and ventilator use were not assessed in this study. Thus, we cannot compare our data with the UNOS model.
The main limitation of our study is missing data. Table E2 shows a comparison of patients with missing data and not included in the final multivariate model and those with complete data and included in the final model. Because of missing data we could not include some potential risk factors for death, such as the presence of pulmonary artery hypertension and reduced right ventricular ejection fraction. This study evaluated a selected population: those listed for transplantation. The rationale was to identify the factors that led to death before transplantation as a way to identify patients with CF who might require a higher priority for lung allocation. Differences in listing criteria for lung transplant between the centers were carefully considered. For instance, Toronto has a large population of patients with B. cepacia and lists and transplants patients with this organism, whereas most U.S. transplant centers, including the ones in this study, do not list patients with B. cepacia. Also, Toronto has an allocation system that is partially based on medical urgency and with generally shorter waiting times (median, Ͻ 6 mo). It is, therefore, possible that patients listed at Toronto have different risk factors for waiting list mortality compared with the other centers in the study. However, no differences were found among the listed patients at the four sites. We therefore repeated a Cox proportional hazards model including only patients from Toronto, and found that B. cepacia was not a significant risk factor for death in this population.
The results of our study do not agree with the results of a single-center study by Vizza and coworkers (14) , in which a Cox proportional hazards model identified short 6-min walk distance, higher pulmonary artery systolic pressure, and diabetes mellitus as significant risk factors for death while waiting for lung trans-plantation. These differences may have occurred for a few reasons. First, we had a significant number of missing echocardiograms and thus pulmonary hypertension could not be included in our model. Second, our definition of diabetes mellitus included patients who were taking insulin or oral hypoglycemic medications at any point in time before listing and not taking concomitant corticosteroids, so our classification of patients with CFrelated diabetes mellitus is different. Third, in our study short 6-min walk distance showed no significant association with a higher risk of death (HR, 0.98; 95% CI, 0.96-1.0) in either our univariate or multivariate analyses. It is possible this may be related to differences in rehabilitation practice at the centers included in our study.
As mentioned above, the possibility of informative censoring exists, where the reason for removal from the list is not independent of the outcome (in this case, death). The results of our sensitivity analysis are reassuring in that informative censoring in the group of patients removed from the list for "other" reasons does not occur.
Another possible limitation is the inclusion of patients with heart-lung, lung-liver, or heart-lung-liver transplants. To assess the possible impact on our results from including such patients, the multivariate modeling was performed only with patients who had lung transplantation only (excluding heart-lung and heart-lung-liver transplants). There was no significant difference in the hazard ratios for any of the variables in the final model.
Under the previous time-based allocation system employed in the United States, patients waited up to 2 to 3 yr from listing to transplantation. The system has changed and now allocation of lungs is based on severity of disease (priority-based system) rather than waiting time. Thus, improved prediction models are critical in determining anticipated mortality among patients with CF being considered for lung transplantation. On the basis of these data, the presence of hypercapnia in the setting of better lung function and the requirement for nutritional interventions are additional factors that should be considered in developing future models to be used in allocating organs to the CF population.
